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Experiments on a constant-density two-dimensional hole 
system in a GaAs quantum well reveal that the metallic be- 
havior observed in the zero-magnetic-field temperature de- 
pendence of the resistivity depends on the symmetry of the 
confinement potential and the resulting spin-splitting of the 
valence band. 

For many years, it was widely accepted that there can 
be no metallic phase in a disordered two-dimensional 
(2D) carrier system. This was due to the scaling ar- 
guments of Abrahams et al. [Q, and the support of sub- 
sequent experiments Q. In the last few years, however, 
experiments on high quality 2D systems have provided 
us with reason to re- visit the question of whether or not 
a metallic phase in a 2D system can exist |^-[|. Early 
temperature dependence data by Kravchcnko ct al. , from 
high-mobility silicon metal-oxide-semiconductor field ef- 
fect transistors (MOSFETs), showed a drop in resistivity 
as the temperature (T) was reduced below 2 K. This 
metallic behavior is the opposite of the expected insu- 
lating behavior in which the resistivity should become 
infinite as T approaches zero. In addition, the behavior 
not only was metallic in a certain electron density range, 
but also scaled with a single parameter as the density was 
reduced and the sample became insulating, suggesting a 
true metal-insulator phase transition ||. 

Since these experiments, the metallic behavior has 
been observed in Si MOSFETS §,§, SiGe quantum wells 
H||, GaAs/AlGaAs heterostructures [fU§], and AlAs 
quantum wells Q , demonstrating that there are still some 
unsolved puzzles in the fundamental nature of 2D car- 
rier systems. Multiple mechanisms including electron- 
electron interaction [jl0| , spin-splitting [jl]] , and temper- 
ature dependence of traps |l2] ] have been proposed as 
causes for the metallic behavior, but no clear model has 
emerged which fully describes this sizeable body of exper- 
imental data. The experiments reported here add to our 
understanding by demonstrating a correlation between 
the zero-magnetic-field spin-splitting and the metallic be- 
havior. 

Spin-splitting of carriers in a 2D system at zero mag- 
netic field is caused by the spin-orbit interaction and by 
an inversion asymmetry of the potential in which the car- 
riers move Q . The energy bands are split into two spin- 
subbands, which have different populations because their 
energies at any non-zero k are slightly different. The ex- 



istence of these spin-subbands has been well established 
both experimentally and theoretically [|l3] [lS] . 

Our experiments are performed on high-mobility 2D 
hole systems in GaAs quantum wells (QWs), chosen be- 
cause they have a large inter-carrier separation r s [fl9|| , 
have already shown metallic behavior and exhibit 

a large and tunable spin-splitting 0. In GaAs, the 
spin-splitting arises from the inversion asymmetries of 
the zincblende crystal structure and of the potential used 
to confine the electrons to two dimensions. The asymme- 
try of the crystal structure is fixed, but the asymmetry of 
the confining potential, and therefore the spin-splitting, 
can be changed by applying an E perpendicular to the 
2D plane (E±) using gates p7j . Firstly we demonstrate 
that the spin-splitting can be tuned while the density is 
kept constant, and then show that the metallic behavior 
of the 2D holes is related to the amount of spin-splitting 
observed. 

Our samples are Si modulation doped, 200 A-wide 
QWs grown by molecular beam epitaxy on the (311)A 
surface of an undoped GaAs substrate. QWs grown on 
the (311) surface of GaAs exhibit a mobility anisotropy 
believed to be caused by anisotropic interface roughness 
scattering pOj . Photolithography is used to pattern L- 
shaped Hall bars that allow simultaneous measurement 
of the resistivities along both the high- mobility ([233]) 
and low- mobility ([Oil]) directions. The samples have 
metal front and back gates that control both the 2D hole 
density and E±. Measurements are done in a dilution 
refrigerator at temperatures from 0.7 K to 25 mK and in 
perpendicular magnetic fields (B) up to 16 T. We use the 
low-frequency lock-in technique, with a current of 10 nA, 
to measure the longitudinal (p) and Hall resistivities. 

To measure the spin-splitting we examine the low- 1? 
p, or Shubnikov-de Haas (SdH) , oscillations ]l^-|T^] . The 
frequencies of these oscillations, when multiplied by the 
level degeneracy e/h, give the spin-subband densities, 
which are a measure of the zero-B spin-splitting. To tune 
the splitting, we set the front gate (Vf g ) and back gate 
(Vb g ) voltages, and measure the resistivities as a function 
of B on both arms of the Hall bar. Then, at a small B, 
Vfg is increased and the change in the hole density noted. 
Vbg is then reduced to recover the original density. This 
procedure changes E± while maintaining the same den- 
sity to within 1%, and allows calculation of the change 
in E± from the way the gates affect the density. These 
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steps are repeated until we have probed the range of Vf g 
and Vb g that are accessible without causing gate leakage. 
This is done for two samples, from different wafers, at 2D 
hole densities of 2.3 x 10 11 cm" 2 (r s = 6.8) and 3.3 x 10 11 
cm~ 2 (r s — 5.7) (jl9). These densities place the samples 
well into the metallic regime |t]|| . The 25 mK mobilities 
of the two samples are 83 and 51 m 2 /Vs for the [233] 
direction and 72 and 33 m 2 /Vs for the [Oil] direction 
respectively. The results from both samples are similar. 

Some of the low-B p data are shown (Fig. |l|A) at 
a density of 3.3 x 10 11 cm -2 , from both the low- and 
high- mobility directions for various sets of Vf g and Vb g . 
The top trace was taken with the sample at a large posi- 
tive E± (roughly 5,000 V/cm pointing towards the front 
gate). E± is reduced for the second trace, nearly zero in 
the middle trace, and increasingly negative in the next 
two traces (it is about -6,000 V/cm in the bottom trace). 
The frequencies (fsdii) of the SdH oscillations are ex- 
tracted by Fourier transforming the p vs. B^ 1 data in 
the range below 0.9 T. The Fourier transforms of the low- 
mobility data, (Fig. |l|B), reveal how the spin-splitting 
changes as E± is changed from positive, through zero, to 
negative. From the symmetry of the data in Fig. |^A, we 
estimate that E± = is near Vf g — —0.5 V. 

The next part of the experiment involves measuring the 
T dependence of p at B = from 25 mK to about 0.7 K. 
In the data from the low mobility direction (Fig. |l|C), the 
traces are separated vertically and displayed next to the 
corresponding Fourier transforms in Fig. |l|B for clarity. 
Their p values at 25 mK and B = (po) are shown 
on the y-axis. The most striking feature is that the T 
dependence of the B = resistivity is larger when the two 
fsdH peaks are well separated and smaller when there is 
no separation. It is clear that the magnitude of the T 
dependence is correlated with that of the spin-splitting. 
In order to characterize this data in a simple way we plot 
Ap T / on, the fractional change in p from 25 mK to 0.67 K 
(Fig. gB). Figs. ||A and ||B clearly show that p increases 
more strongly with T as the difference between the SdH 
frequencies (Afsdn) is increased. The same is true of 
the lower density sample. Additionally, Ap T / po is larger 
for lower density, consistent with previous experiments 
on the metallic behavior J^-|i| . 

Finally, we attempt to more quantitatively determine 
what the temperature dependence would be in the limit 
of zero spin-splitting. To this end, we have performed 
simulations using self-consistent subband calculations 
that have no adjustable parameters Jl7| . They provide, 
for a given 2D hole density and E± , both simulated SdH 
oscillations and the zevo-B spin-subband population dif- 
ference (Ap s ). Fourier transforms of the simulated SdH 
oscillations show peak positions that agree very well with 
those from the experimental data. Furthermore, while 
the sum of the fsdH multiplied by e/h gives the total 
density, the calculations show that the AfsdH underes- 
timate the zero-B Ap s at all E±. In particular, the sim- 



ulations predict a finite zero-B spin-splitting at E± = 
(caused by the inversion asymmetry of the GaAs crys- 
tal structure), while for \E±\ < 1000 V/cm the Fourier 
transforms of the simulated SdH oscillations and of the 
experimental data show only one peak. The measured 
Ap T /p are plotted vs. the calculated Ap s (Fig. ||) with 
the data for positive and negative E± separated on cither 
side of the x-axis zero for clarity. These results suggest 
that Ap T I po would be zero or less than zero in the limit 
of zero spin-splitting. 

The data show clearly that the magnitude of Ap T j po 
increases with the magnitude of E±, which directly af- 
fects the amount of spin-splitting. Another parameter 
that is affected by E± is the mobility. However, as the 
po values on the y-axis of Fig. [l]C show, the changes in 
mobility do not correlate with changes in Ap T j po- For 
example, for three of the traces, po remains steady at 
58.3 fi/sq., but Ap T / po changes. Additionally Ap T '/ po 
is large when the mobility is small, in contrast to the ob- 
servation that the metallic behavior becomes more pro- 
nounced as the mobility is improved 0. Also, the de- 
pendence of mobility on E± varies from sample to sam- 
ple and along different mobility directions within each 
sample pjj . Thus it is very unlikely that the mobility 
variation is causing the changes in Ap T / po- 

There are striking differences between the data along 
the low- and high-mobility directions that add a new 
twist to this problem. While the behaviors with E±_ are 
qualitatively similar, Ap T j po is an order of magnitude 
smaller in the high-mobility direction. Additionally, the 
low-mobility direction p shows a strong positive magne- 
toresistance, not present in the high-mobility p, that sat- 
urates at ~ 0.1 T. Its magnitude at 25 mK, (Ap B / p ) 
= [p(0.1 T) - p(0 T)]/p , is plotted (Fig, gC) and is 
remarkably similar to Ap T / po in Fig. |2JB, despite the 
different origins (B and T dependence). The difference 
in mobility for the two directions is believed to come from 
an anisotropic interface roughness scattering that is due 
to the interface morphology (see Ref. (20) and references 
therein). On the other hand, the Fourier transforms of 
the SdH oscillations show that the spin-splitting is the 
same in both directions, so it is clear that the changes in 
Ap B I po and Ap T / po are not due to spin-splitting alone. 
It is possible that the directional differences in the B- and 
T-dependencies of p are due to an interplay between the 
applied _B-field or the spin-splitting and the anisotropic 
scattering mechanism in the sample. The precise nature 
of this interplay remains to be discovered. These obser- 
vations point to the subtlety of the physics behind the 
metallic behavior in this system. 

We observe that the magnitude of the temperature 
dependence of the resistivity (the metallic behavior) in- 
creases with the magnitude of the spin-splitting. Pre- 
vious experiments in applied B fields have provided evi- 
dence that the spin of the carriers plays an important role 
in the metallic behavior. However, in these experiments 
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the B field, which increases the spin-splitting, quenches 
the metallic state ]§|,p2| . This inconsistency is surprising, 
and we surmise that in relation to the metallic behavior 
there is some fundamental difference between the zero-B 
spin-splitting, which is caused by the GaAs band struc- 
ture and the confinmcnt potential, and the non-zero- B 
spin-splitting, which is the difference in energy between 
carriers with spins parallel and anti-parallel to the ap- 
plied B field ^3|. Furthermore, our results point out a 
complication in experiments that examined the depen- 
dence of the metallic behavior on the carrier density: 
they were changing the spin-splitting as they changed 
the density Recognition of the fact that the zero- 

B spin-splitting is on its own important will help untan- 
gle the causes of this unexpected phenomenon. Finally, 
we note that there are significant differences between the 
low- and high-mobility direction data which have been 
overlooked in previous experiments on GaAs 2D holes. 
These differences may also provide clues to nature of the 
metallic behavior. 
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FIG. 1. A: Magnetoresistance traces, all at a density of 
3.3 x 10 11 cm -2 , but at different values of E±. The data 
shown are from the low-mobility [011] (upper trace in each 
box) and high- mobility [233] directions. B: Fourier trans- 
forms of the Shubnikov-de Haas oscillations, showing that the 
spin-splitting is being tuned through a minimum. C: Tem- 
perature dependence of p for the low-mobility direction. The 
traces are shifted vertically for clarity, with the value of p at 
25 mK listed along the i/-axis for each trace. Each p vs. T 
trace is aligned with its corresponding Fourier transform. B 
and C together show that the magnitudes of the spin-splitting 
and the temperature dependence are related. 
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FIG. 2. A: Measured Shubnikov-de Haas frequencies plot- 
ted as a function of Vf g . Each Vf g has a corresponding Vb g 
(top axis) that is used to keep the density constant but vary 
E±. B: Ap T / po vs. Vfg. Ap T is the change in p from T = 25 
mK to 0.67 K and p is p at 25 mK and B — T. C: Ap B / p 
vs. V/ g . Ap s is the change in p from B = to 0.1 T at 25 
mK. 

FIG. 3. Ap T /po from the high density sample plotted 
vs. the calculated zero-B population difference of the 
spin-subbands. 
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